INTRODUCTION
This is the final report in a series done in cooperation with the Kentucky Geological Survey to describe the configuration of the potentiometric surface and the general ground-water quality in part of the Mississippian Plateaus region of Kentucky. It deals with the principal limestone aquifer for the entire region whereas previous reports dealt only with selected segments of the region.
This regional study was initiated in 1975. It includes not only data collected from 1975 to 1982, but also data from earlier studies. Earlier data are considered valid as ground-water levels seem to have remained relatively stable on a regional basis, except for normal seasonal variations, for at least a quarter of a century.
Little surface water is available in much of the Plateaus region, except along major streams and from man-made lakes and reservoirs. Except for the larger municipal areas and areas served by water districts, most people depend on ground water as a source of supply. Because pollutants can enter the principal limestone aquifer easily and move rapidly down gradient for long distances, data on the potentiometric surface, the direction of water movement, and basic water quality are essential for the proper utilization and protection of the ground-water system.
Purpose and Scope
The primary purpose of this report is to provide a potentiometric map of the principal aquifer which represents the level of the static head in the aquifer as defined by the height to which water will rise in tightly cased wells. This map can be used to determine the general direction of ground-water movement, to aid in determining possible paths of pollutant movement, and to help in selecting drilling sites. The altitude of the potentiometric surface also can be used, in conjunction with land-surface altitudes, to determine minimum drilling depths to water.
The secondary purpose of the report is to describe the general water quality in the principal aquifer. This information will aid in determining the suitability of the water for various uses and will provide baseline data for monitoring changes in chemical quality that may result from man's activities.
Location and Description of Area
The Mississippian Plateaus region comprises one of the five physiographic regions of Kentucky ( fig. 1) . It is the outcrop area of rocks of Mississippian age and extends as a broad arcuate band bordering the Western Coal Field. The Plateaus occur as a pair of cuestas with their long slopes facing toward the Western Coal Field. The inner cuesta is carved on the Cypress Sandstone of Late Mississippian age and is bounded by the south or outward-facing Drippings Springs escarpment. The outer cuesta, known as the Pennyroyal or, more commonly, Pennyrile plain (McFarlan, 1943, p. 184) , is developed largely on the St. Louis Limestone of Late Mississippian age, forms the outer part of the Plateaus, and dips toward the Western Coal Field. In its typical development the Pennyrile plain is a rolling upland karst plain of low relief characterized by numerous sinkholes, subsurface drainage, and a low density of surface streams. Near the updip fringes, stream dissection has produced a rough topography. In parts of Caldwell, Livingston, and Crittenden Counties ( fig. 1 ), a maze of normal faults has resulted in a topography of little uniformity. For a more detailed discussion of the physiography of the Plateaus the reader is referred to McFarlan (1943, p. 184-193) .
The Mississippian Plateaus region lies within the Ohio River drainage basin. Much of the area is drained by the Green River and its tributaries, and the Rough, Nolin, and Barren Rivers and their tributaries. From Simpson County westward, drainage is primarily to the Cumberland River in Tennessee via the Red River and its tributaries and to Lake Barkley (impounded Cumberland) in Kentucky via the Little River and its tributaries. Those areas adjacent to the Ohio River drain directly into the Ohio.
GENERAL GEOLOGIC FRAMEWORK OF THE PRINCIPAL AQUIFER
The rocks exposed in the Mississippian Plateaus are of Early to Late Mississippian age and comprise, from older to younger, the Osagean, Meramecian, and Chesterian Series. They dip toward the Western Coal Field at about 30 to 90 feet per mile. Their stratigraphic relations are shown in figure 2. Older rocks may be exposed in valley walls and stream beds in the updip fringes of the area.
The principal aquifer, as used in this report, refers to the thick, relatively unbroken sequence of limestones underlying the Pennyrile plain. The geologic units in ascending order are the Fort Payne Formation, Warsaw (Harrodsburg) Limestones, Salem Limestone, St. Louis Limestone, and Ste. Genevieve Limestone. The aquifer may include, in places, the lowermost limestones of the overlying Chesterian Series, the Renault Limestone, the Beaver Bend and Paoli Limestones, or the Girkin Limestone, depending on location in the plain. The principal aquifer is underlain by the Devonian age Chattanooga or New Albany Shale, except where the Borden Formation replaces the Fort Payne, and is overlain by a residual mantle derived mostly from limestone. The formations are discussed in detail in the hydrogeology section. Although the entire limestone sequence is referred to as the "principal aquifer," the St. Louis Limestone is the most widely used formation for water-supply purposes, and the Ste. Genevieve Limestone is second. As the St. Louis thins to the point where the potentiometrie surface lies below the formation, the Salem-Warsaw (Harrodsburg) sequence supplies most of the water and, as that sequence thins, the Fort Payne is used.
Because of the relative widespread importance of the combined Ste. Genevieve-St. Louis Limestones, the generalized geologic map (plate 1) differentiates their outcrop area from the underlying and overlying units. The units underlying the St. Louis [Salem-Warsaw (Harrodsburg)] are exposed in the highly-dissected updip fringe areas. The outcrop pattern of the individual units is too complex to be usably shown at the map scale used. For details of local geology in such areas, as well as of other areas of interest, the reader is referred to the pertinent 7 1/2-minute Geologic Quadrangle maps as shown on the index map ( fig. 3 ).
As an aid to the reader, two geologic cross sections are shown in figure A. Cross section A-A 1 is just south of Elizabethtown in Hardin County and cross section B-B 1 is just east of Hopkinsville in Christian County (plate 1). These cross sections illustrate the geologic and topographic relations of the various formations.
WATER IN THE PRINCIPAL AQUIFER

Occurrence
Water in the principal aquifer occurs in secondary openings such as joints, fractures, and openings along bedding planes. In many instances these openings have been enlarged by dissolution of the more calcareous parts of the limestone. The presence of karst topography is an indication of large-scale dissolution. Karst areas are dotted with sinkholes and caves, many of which open into extensive waterways in the limestones. Some of these channels open to the surface as springs.
Openings in limestones vary from paper-thin cracks to large pipe-like conduits. They tend to diminish in size and number with depth, and the largest openings probably occur within a few tens of feet of the land surface, depending on the position of the potentiometrie surface, landsurface altitude, and geologic history of the region. Although many of the passages and conduits at shallow levels may be filled with water during and after prolonged periods of precipitation, they may be essentially water-free during dry weather except, perhaps, for small streams trickling across their floors. This means that consistently reliable quantities of water will be limited to t;he somewhat deeper openings. 
Hydrogeology
Although it is standard procedure to describe geologic formations in order from oldest to youngest, in drilling for water it is more logical to describe them in the order in which the geologic formations would be penetrated during drilling-from youngest to oldest. In the following section, the various geologic formations comprising the principal aquifer, together with their water-yielding characteristics, are described from youngest to oldest, assuming that the full sequence of formations comprising the principal aquifer is present. The full sequence generally occurs at the Dripping Springs escarpment, where the lowermost Chesterian limestones directly underlie the residual mantle. Moving outward from the escarpment, progressively older units occur directly below the mantle and the aquifer, as a single entity, becomes progressively thinner.
Residual Mantle or Residuum
A residual mantle derived from limestone overlies much of the Pennyrile plain. It commonly consists of reddish clay containing bone-like fragments of chert. The mantle can attain thicknesses of as much as 60 feet, but it generally ranges from about 35 to 40 feet in thickness. The residuum yields small amounts of water to shallow wells, but supplies may be inadequate during prolonged dry periods. In the northeastern part of the plain, perhaps onethird of the wells are developed in the residuum and (or) upper few feet of the limestone bedrock.
Lower Chesterian Limestones
The lowermost Chesterian limestones, which include the Renault Limestone, the Beaver Bend and Paoli Limestones, and the Girkin Limestone, are exposed along the edge of the Dripping Springs escarpment. From Logan County westward the Renault overlies the Ste. Genevieve Limestone. From Logan County to Hart County, in the southeastern part of the^plain, interbedded sandstones in the Chesterian Series disappear and the undi?Terentiated limestones merge to form the Girkin Limestone. From Hart County northward the limestones are differentiated into the Beaver Bend and Paoli Limestones.
The Renault Formation is mainly a thick-bedded limestone. It ranges in thickness from 70 to 125 feet in the subsurface, but is usually much thinner where exposed.
The Girkin Limestone is a crystalline, oolitic to sandy limestone. Its thickness ranges from 0 to 180 feet in the subsurface, but it may be rather thin where exposed.
The Paoli Limestone is a dark-gray to white compact to crystalline and oolitic fossiliferous limestone. It may be separated from the overlying Beaver Bend Limestone by 8 to 25 feet of gnarly sandstone. The Beaver Bend Limestone is a siliceous, ferruginous, coarsely crystalline limestone. The two limestones have a combined thickness ranging from 0 to 100 feet.
The lowermost Chesterian limestones probably are connected hydraulically, in some places, to the principal aquifer where they are exposed along the edge of the Dripping Springs escarpment. The limestones can yield sufficient water for domestic or stock use to very shallow wells. Well drillers, however, commonly drill through these limestones into the underlying Ste. Genevieve Limestone to avoid the shallow water which could be subject to local contamination.
Ste. Genevieve Limestone
The Ste. Genevieve Limestone crops out in that part of the Pennyrile plain adjacent to the Dripping Springs escarpment. In some areas it is not differentiated from the underlying St. Louis Limestone on geologic maps. The formation ranges in thickness from 190 to 320 feet in the west and 0 to 190 feet in west-central Kentucky. It consists of light-gray to almost white, partly oolitic, massive to thin-bedded or slightly cross-bedded limestone interbedded with medium-gray dolomitic limestone. Locally, it contains greenish-gray fine-grained sandstone and siltstone beds up to 10 feet thick in the upper part of the unit. The formation weathers to a deep red or maroon clay containing abundant residual chert which weathers to chalky bone-like fragments.
The Ste. Genevieve Limestone yields water from joints, fractures, and well-developed solution channels throughout the outcrop area. Yields normally are sufficient for domestic and stock use and some are adequate for small industrial and municipal supplies. Well yields of as much as 150 gal/min have been reported and higher yields may be possible. Some springs have been pumped at the rate of 600 gal/min with little lowering of water levels. The Ste. Genevieve is most important as an aquifer where both its maximum thickness is present and the potentiometrie surface stands high in the formation.
St. Louis Limestone
The St. Louis Limestone underlies the Ste. Genevieve Limestone and crops out in a band adjacent to and paralleling the Ste. Genevieve Limestone outcrop. The two formations are not differentiated on some geologic maps because of their similarity. West of Christian County, the St. Louis Limestone is divided into upper and lower members. The upper member, which attains a thickness of about 250 feet in the subsurface, consists of mediumto light-gray limestone and minor amounts of light-gray lithographic limestone and light-yellowish-gray dolomitic limestone. The lithology is extremely variable with beds grading laterally into other types in short distances. Medium-to light-gray vitreous chert is common throughout the unit. In some discontinuous zones as much as 30 feet thick irregular layers and nodules of chert comprise 10 to 30 percent of the rock. The lowest part of the member may contain gypsum in thin seams and vug fillings.
The lower member attains a thickness of about 280 feet in the subsurface. The upper part of this member consists of light-gray and lightmedium-gray limestone containing chert nodules. The lower part consists of medium-gray and medium-dark-gray limestone and commonly contains gypsum seams.
The St. Louis thins to the east and thicknesses decrease to about 175 to 310 feet in west-central Kentucky and to about 70 to 160 feet in southcentral Kentucky. The formation is not differentiated into members east of Christian County.
The St. Louis Limestone is the unit most consistently used as a source of water throughout the Pennyrile plain. Water is obtained from secondary openings such as joints and fractures in non-karst areas and also from solution channels, cavities, springs, and other openings in karst areas. Larger yields are obtained in the karst areas. Well yields may range from several gallons per minute to as much as 500 gal/min, but extremely large yields are the exception rather than the rule. At randomly selected sites, the chances of obtaining large amounts are exceedingly poor -probably only about 1 out of 20, or 5 percent.
The lower St. Louis Limestone may contain gypsum which adversely affects water quality. The unit may yield a highly mineralized calcium magnesium sulfate water that has a strong hydrogen sulfide (H2S) odor. It can be esthetically unpleasant as well as highly laxative in effect and corrosive to brass plumbing fixtures. Drillers in some areas equate a change from light to dark limestone as being indicative of the gypsum-bearing zone.
Salem Limestone
The Salem Limestone is exposed in the lower slopes of valley walls adjacent to the St. Louis Limestone outcrop at the fringes of the Pennyrile plain. In places it is not differentiated from the overlying St. Louis Limestone, particularly west of Christian County. East of Christian County it may not be differentiated from the underlying Warsaw (Harrodsburg) Limestone. The Salem Limestone attains a thickness of 110 to 160 feet in the west and 80 to 140 feet in the west-central part of the State. It is a medium-to darkgray, medium-to coarse-grained, clastic and oolitic limestone interbedded with fine-grained argillaceous limestone. Chert occurs as nodules and fossilfragmental blocks.
Warsaw (Harrodsburg) Limestones
The Warsaw Limestone is exposed in valley walls along the fringes of the Mississippian limestone outcrop in Trigg, Lyon, and Livingston Counties and along the updip edge of the southeastern and eastern Pennyrile plain where it is known as the Harrodsburg Limestone. The formation ranges in thickness from 150 to 300 feet in the west and thins to 20 to 70 feet in the west-central part of the State. The limestone is variable but is typically massive and cross-bedded, and in places is crinoidal and cherty.
In most areas the Salem, Warsaw, and Harrodsburg Limestones are too deeply buried to be economically used as a source of water and potential yields are unknown. The Salem and Warsaw Limestones can yield sufficient water for domestic and stock uses in their outcrop areas in the western Pennyrile plain, mainly from joints and fractures. Near Lake Barkley yields may be sufficient for small commercial enterprises. In places the limestones are exposed only in fault blocks, which may limit the water availability. Small yields are also obtainable from the Salem-Harrodsburg sequence where it crops out in the eastern part of the Pennyrile plain.
Fort Payne Formation
The Fort Payne Formation is exposed along the southwestern and southeastern fringes of the Mississippian limestone outcrop. The formation ranges in thickness from 430 to 660 feet in the west to 150 to 300 feet in the south-central part of the State. It consists of fine-grained cherty limestone interbedded with drab calcareous shale. Limestone is more prevalent in the upper part of the formation. In the northeastern part of the Pennyrile plain the Fort Payne is replaced by the Borden Formation which overlies the New Albany Shale.
Where it is at or near the surface the Fort Payne Formation is part of the principal aquifer. Where it is deeply buried, yields are unknown as it generally is not economically feasible to drill deep water wells. In its outcrop area the Fort Payne usually can yield sufficient water for domestic and stock uses. Yields of 70 gal/min are possible near Kentucky Lake, although the water from some wells has a milky appearance. These yields are probably from a rubble zone at the top of the formation. Yields of as much as 40 gal/min have been reported near Scottsville in Alien County. In this area, relatively insoluble layers in the formation tend to perch water and cause small springs and seeps to form on the hillsides well above the main zone of saturation. The formation is also exposed in a fault block about 1.2 miles wide by 3.5 miles long about a mile southeast of Eddyville in Lyon County. At this location the unit is very tight and yields little or no water to wells.
Recharge
Recharge to the principal aquifer is mainly from precipitation, usually in the form of rain, but sometimes as snow. The amount varies yearly, monthly, and daily. The mean annual precipitation over the Plateaus region varies from about 42 to more than 52 inches ( fig. 5 ). The greater part is produced by tropical air masses associated with low-pressure systems which move over the area from the western Gulf of Mexico. Usually, January and March are the wettest months and September and October are the driest, but these extremes may vary from year to year. The fastest recharge to the ground-water reservoir is overland flow into sinkholes, swallow holes, and fractures in the limestone. Karst is uniquely suited for this type of recharge because sinkholes are closed basins which trap the runoff. Recharge from overland flow is especially effective where the residual mantle is thin or missing.
Sinking streams also contribute to ground-water recharge. Streamflow enters the aquifer directly through fractures or other openings beneath the streambed. In some instances the entire flow of the stream is diverted underground in a very short distance.
Intermittent recharge can occur during periods of high stream stage. Usually, the base flows of perennial streams traversing the Pennyrile plain are maintained by ground-water flow from the aquifer to the streams. During high stream stages, however, gradients may be reversed causing water to move from the streams to the aquifer.
A slower form of recharge occurs by the downward percolation of water through the surficial deposits or the clayey and cherty mantle. If the underlying limestone lacks fractures or is shaly, water may be perched on top of the bedrock. Enlarged joints near the bedrock surface that are filled with residual material, act as funnels and reservoirs for water movement and storage.
Pqtentiqmetric Surface, Movement, and Depth to Water
The major controls on the position of the potentiometric surface in the Pennyrile plain are the regional structure, the composition of the underlying rocks, and the subsurface and surface drainage patterns. The drainage patterns and rock composition are the more significant controls and tend to mask the influence of the regional structure.
The potentiometric map has several practical uses. In the event of a toxic chemical spill the map may be used to deteunine the general direction of ground-water movement and areas«that might be affected. This information may not be obvious from a cursory on-site inspection. The map also may be useful in determining the contaminant source area or source direction of a contaminated water supply. It can be helpful in the locating of landfills and other waste disposal sites to minimize adverse environmental effects. It will be of use in any instance where there is a potential hazard to the aquifer and to the people who use it.
The potentiometric map, together with a topographic map, or known landsurface altitude, will give an approximate minimum depth to which one would have to drill at any given site to obtain water. For example, if the land surface at a given point is 600 feet above sea level and the contour map shows the potentiometric surface at that point is 500 feet above sea level, one could expect to drill a minimum of 100 feet to obtain water. One may have to drill farther to penetrate a water-bearing opening, but the water should rise in the well to an altitude of about 500 feet if and when an opening is penetrated. The possibility of drilling a dry hole always exists, however, if no openings are penetrated. The map should be used with caution to estimate drilling depths where because of there is considerable potential for interpretive error in rugged topographic areas. This method of estimating drilling depths is more accurate where the contours are widely spaced and the potentiometric surface has a low gradient.
The potentiometric map (plate 1) shows, by means of contours, the average summer configuration of the potentiometric surface in the principal aquifer, based on water-level measurements in individual wells. The contours in the Mammoth Cave area are adapted from Quinlan and Ray (1981) . The direction of ground-water flow in the principal aquifer at a specific site may be somewhat circuitous as the water must follow available openings whose orientation is dependent on joint and fracture patterns, dip of the rocks, structure, and solubility of the rocks. The net direction of flow, however, is perpendicular to the contours and from higher to lower contours. The potentiometric surface tends to conform generally, in a subdued form, to the topography which means that ground-water movement generally coincides with the surface drainage.
The potentiometric map shows that ground-water movement in western part of the study area including the western third of Simpson County is in a south to southwesterly direction toward the Cumberland River and Lake Barkley, conforming somewhat to the surface drainage pattern. From Simpson County to northern Hardin County, ground water moves northward and then westward conforming generally to the surface drainage patterns of the Barren River and upper Green River drainage areas. In extreme northern Hardin County, the northern half of Breckinridge County, and Meade County, ground water moves toward the Ohio River.
Discharge
Ground-water discharge occurs by evapotranspiration, springflow, seepage to streams, and pumping from wells. Considerable water can be lost to evapotranspiration from the residual mantle before the water percolating through the mantle reaches the limestone aquifer, especially during the growing season. Water also can be lost from the bedrock by evapotranspiration in low-lying swampy areas and in valley flats when the potentiometric surface is at or near the surface.
Springflow also can account for a large part of ground-water discharge. A single large spring can discharge more than 10,000 times the yield of an average domestic well in a given period of time, especially when springflow is at its maximum.
Springs in cavernous limestone respond rapidly to precipitation. Flows increase rapidly during heavy rains, and reach their peaks shortly thereafter. Discharge then declines rapidly until normal flows are reestablished. This suggests that a significant part of the local recharge in karst areas is discharged through springs within a relatively short period of time after the recharge water enters the aquifer.
The majority of water wells in the limestone aquifer are small-yield domestic and stock wells which are pumped intermittently. The total amount of water pumped from wells is very small in comparison to the amounts discharged by natural processes.
Long-term hydrographs of water levels in observation wells in the limestone aquifer, such as that shown for the Western State Hospital well near Hopkinsville in Christian County ( fig. 6 ), indicate that there have been no significant long-range changes in ground-water levels in the region. Basically, recharge and discharge seem to be in equilibrium. Events, such as droughts, can temporarily decrease the amount of water in storage and lower water levels, but with the return of normal precipitation, storage increases and water levels rise to their normal range. It seems that under present climatic conditions and stage of geomorphic development the amount of water stored in the aquifer is at or near the optimum capacity.
Water Quality
The acceptability of any water has a direct relation to the use for which the water is intended. Nearly all water is acceptable for some purpose. Five major categories of use are:
1. Public water. 2. Fish, wildlife, and other aquatic life. 3. Recreation. 4. Agriculture. 5. Commerce and industry.
Certain measurable characteristics are used to evaluate water quality. These characteristics can be classified into three major groups: chemical, physical, and biological. Chemical characteristics include such constituents as dissolved solids, iron content, and hardness. Physical characteristics include such things as color, taste, odor, turbidity, and temperature. Biological characteristics include both bacteria and virus content.
Methods
Water samples for chemical analysis were collected from wells and springs mostly in the Ste. Genevieve, St. Louis, and Salem and Warsaw Limestones. In addition, analyses obtained during previous investigations dating back to 1950 were used, for statistical purposes.
Analyses for 171 wells were selected from the U.S. Geological Survey's computerized water quality data base for statistical analysis. Chemical analyses and locations are shown in Faust and others (1980) for samples collected through 1979 and in U.S. Geological Survey (1980 Survey ( , 1981 Survey ( , 1982 Survey ( , and 1983 for samples collected after 1979. Analyses with 10 percent or more error in the cation-anion balance were not used. Analyses were also not used if the specific conductance of the water was greater than 1,500 umhos/cm or about 1,000 milligrams per liter (mg/L) dissolved solids concentration. The analyses with high conductance values could indicate contamination of shallow water by brines from deeper aquifers, but more likely they are analyses of brines that are not representative of water in the shallow aquifers. Piper (1944) trilinear diagrams were prepared to show the distribution of the chemical constituents in the water. Frequency analysis, analysis of variance, and t-test statistics were used in an effort to characterize the distribution of selected chemical constituents and to delineate aquifers on the basis of water chemistry.
Water Chemistry In The Principal Aquifer A statistical summary of the water chemistry and physical characteristics data is presented in table 1. The chemistry of water in the four formations comprising the principal aquifer is similar. All four units have near neutral pH (7.2 to 7.5 units), are well buffered as indicated by pH and high bicarbonate (HC03) values, and have similar mean concentrations of calcium in samples from both springs and wells. Concentrations of magnesium, sodium, and chloride are higher in samples from wells than in samples from springs. The lower concentration of these dissolved constituents in springs indicates less residence time in the rock or dilution by recharge from precipitation. The mean concentrations of sulfate, sodium, and chloride are higher in ground water from the stratigraphically lower Salem and Warsaw Limestones and Fort Payne Formation indicating the possibility of longer residence time than in the overlying units.
Chemical analyses of water from the Ste. Genevieve, St. Louis, and Salem and Warsaw Limestones, and the Fort Payne Formation are plotted on Piper diagrams (figs. 7-10). In general, water from these units is classified as a calcium-magnesium-bicarbonate or sulfate type water (Field A, figs. 7-9). A few samples from the Ste. Genevieve and Salem and Warsaw Limestones plot outside of this field and may reflect some migration of brines from abandoned oil and gas wells or contamination from other sources (Field B, . Several wells were reported to be contaminated with oil, apparently from natural sources. The lower St. Louis Limestone may contain gypsum as nodules or vug fillings, the dissolution of which can lead to high calcium and sulfate concentrations (Field B, fig. 8 ). The data for the Fort Payne Formation are too sparse to classify the water in a particular category ( fig. 10 ).
In general, the chemical quality of the water samples from the principal aquifer is good for domestic purposes. The hardness ranges from moderately hard to very hard according to the following classification by Durfor and Becker (1964, p. 27) . 
Trace Elements
Because relatively small concentrations of trace or minor elements in water can be harmful to living organisms, it is desirable to -know if man's activities are contributing significant amounts of these constituents to natural waters. Trace elements occur naturally in ground water, but abnormal concentrations may be an indicator of pollution.
Samples for trace element analyses were collected at 240 selected wells and springs and results of the analyses are listed in table 3. Most trace elements are below the maximum recommended limits that have been established for selected constituents (table 2) . Strontium, although without an established limit, exceeded 1 mg/L in some samples. The high concentrations of strontium are believed to be from natural causes because man-made sources of the element were not obvious in the study area.
High concentrations of trace elements have occurred near Horse Cave, Kentucky. Effluent from a wastewater treatment plant at Horse Cave is discharged in dry wells which intercept the local cave system. The effluent contains high concentrations of metals such as chromium, nickel, copper, and zinc (Quinlan and Rowe, 1977) . Concentrations of these metals exceed current standards in Hidden River Cave beneath the city of Horse Cave. Concentrations are below current standards where the effluent-bearing water is discharged by springs near Green River about 5 miles north of Horse Cave (discharge reach determined by dye tracing). However, concentrations of the metals in the discharge springs are as much as 30 times higher than those in springs upstream and downstream of the discharge reach.
Statistical Analysis of Data
Several statistical tests were performed to determine if water quality could be used to distinguish the limestones and to determine if any of the limestones are more favorable as a source of ground water. Frequency plots indicated that the variables approached a normal distribution, in large samples sizes. For small sample sizes where a particular variable was not normally distributed, it was assumed for the purposes of the statistical tests that the variable would be normally distributed, if a larger sample size were available. All statistics were performed using the SAS statistical computer package (Ray, 1982) .
Because raw data indicate a wide range of sulfate and specific conductivity values among the geologic units, a frequency analysis was used to determine if a visually unique distribution characterizes each unit. The frequency distribution of conductivity ( fig. 11) is similar for the Ste. Genevieve and St. Louis Limestones, and for the Salem and Warsaw Limestones and Fort Payne Formation. Although the patterns are different between the two sets of units, the range of values is too similar to distinguish the limestones. The frequency distribution for sulfate ( fig. 12 ) is similar for all the units. Croxton and Cowden (1939) and Hoel (1976) .
The variation of a variable within rock units is the deviation of each variable measurement from the mean of that variable. These deviations are squared and summed (sum of squares). The variation of a variable between rock units is the deviation of each rock unit mean of a variable from the grand mean (the mean of all the data). These deviations are squared, multiplied by the number of items in the group, and summed (sum of squares).
Degrees of freedom are defined as the sample size of a given variable (sulfate, calcium, and so forth) minus the number of constants to which the variable magnitudes are compared. In analysis of variance the constant used is the mean. For the "between rock units" sample, the rock unit mean of a variable in each of the four rock units is compared to a grand mean (the mean of all the data) for that variable. Therefore, the degrees of freedom are 4 minus 1 equals 3. For the "within rock units" sample, the value of a variable is compared to the mean of that variable in each of four rock units, thus there are four mean comparisons for a given variable (a mean for each of four rock units). Therefore, the degrees of freedom equals the total sample size minus the four means or 171 minus 4 equals 167.
The mean square is an estimate of the true variance of the sample about the mean. It is calculated by dividing the sum of squares by the corresponding degrees of freedom.
The F test is used to determine the acceptability of the null (H0 ) hypothesis that there is no variation in water chemistry between the four rock units. The F ratio is calculated by dividing the mean square of the "between rock units" value by the mean square of the "within rock units" value. The F ratio is compared to a table of critical F values (Snedecor and Cochran, 1980, p. 480) , based on varying degrees of freedom. If the calculated F ratio is less than or equal to the critical F value the null hypothesis is accepted. Otherwise it is rejected. Sodium, bicarbonate, and pH showed significant variation (at the 95 percent confidence interval) between units (table 4). All other variables showed no significant variation. The student's t-test was also used to determine the acceptability of the null (H0 ) hypothesis that there was no variation in water chemistry between pairs of rock units. The test was used because of the small sample size of the Salem and Warsaw Limestones and the Fort Payne Formation. It tests the significance of the difference of two sample means. The results of the test indicate that the variations in concentrations were not attributable to one rock unit nor were the variations consistent for any variable between all four rock units (table 5). The calculated t values were compared with a standard t-test table (Snedecor and Cochran, 1980, p. 469 ) and evaluated at the 95 percent confidence interval for a two-tailed t-test. These tests indicate that the separation of the limestone units by water chemistry is not feasible. The variations in concentrations of selected constituents may be due to local lithologic differences or possibly to pollution.
Contamination Vulnerability
Pollution from surface sources can quickly contaminate the ground water in limestone terrain. Such polluting materials may travel considerable distances in a relatively short time due to the rapid diversion of precipitation underground by means of sinkholes, joints, fractures, and percolation through thin soils overlying bedrock. The rate of travel through the rock has been estimated in one case to be about 25 to 30 feet per minute (Plebuch, 1976, p. 20) .
One of the problems in dealing with contamination of limestone aquifers is the incomplete knowledge of the exact path the contaminant will take once it is underground. Potentiometric maps, constructed from water-level data, indicate the general direction of movement but details of the local movement generally require other methods of study. Dye tracing is one such method and is being done in the Mammoth Cave area (see Quinlan and Ray, 1981) . Some work on local water movement is also being done at Bowling Green, Kentucky, but much remains to be done in this regard throughout the entire Mississippian Plateaus region.
Sources
Common sources of ground-water contamination are agriculture, urban areas and industry (Blair, 1972, p. 30-38) . Agricultural contaminants consist mainly of agrichemicals such as fertilizers, herbicides, and pesticides (insecticides). The chemicals may be carried to the ground-water system either by attachment to soil particles or by dissolving in water which later enters the system. Organic matter can enter the system from feedlots, barnyards, septic tanks, and other sources and cause drastic increases in the concentrations of ammonia, nitrate-nitrite, and bacterial contamination, which in turn can cause health problems.
Urban and industrial contamination sources include oil and gasoline spills, toxic waste spills, disposal lagoons, industrial waste discharges, sewage discharges, and runoff from urban areas. Runoff can cause flooding and can carry a large volume of pollutants to the ground-water reservoir in karst areas. This is especially significant where surface water generally recharges the ground-water system. Septic tanks can create problems in karst areas. Ponding of effluent may occur over clay soil where there is little percolation, and waste may flow directly into bedrock openings where soil is thin.
Some sewage treatment plants dispose of treated water into dry wells, which are often nothing more than man-made sinkholes which permit direct access to the ground-water reservoir. This can lead to widespread contamination if plants become overloaded and treatment becomes inadequate.
Biological
Although the biological and pathological aspects of contamination of the principal aquifer were not sampled in this study, some evidence indicates that bacterial contamination is becoming a problem in some areas. The following examples give some idea of the nature and scope of this problem.
A recent thesis study (Muendel, 1980) , conducted with the assistance of Bill F. Dillard, R.S., of the Christian County Health Department, involved the bacterial analysis of well and spring water in southern Christian County. The area contained an estimated 640 private water systems (wells and springs) of which 150 were randomly selected for sampling for total coliform and fecal coliform content. Analyses were made in the laboratory of the Kentucky Department of Human Resources in Frankfort, Kentucky. A total coliform count ranging from 2 to 70,000 colonies per 100 milliliters of water was found in 51 percent (76) of the samples. Of these 76 samples, 53 percent had fecal coliform counts ranging from 4 to 4,500 per 100 milliliters of water. Two of three springs in the 150 sampling sites showed evidence of contamination. The average depth of the uncontaminated wells was 110 feet as opposed to 88 feet for the contaminated wells. The geologic formations involved were the Ste. Genevieve and St. Louis Limestones.
Early in 1983 an outbreak of hepatitis in Meade County was tenatively traced to the contamination of a spring by domestic sewage containing the hepatitis virus. The spring was used locally as a source of drinking water.
SUMMARY
The principal aquifer consists primarily of the Ste. Genevieve, St. Louis, Salem and Warsaw (Harrodsburg) Limestones, and the Fort Payne Formation in the Mississippian Plateaus region of Kentucky. The St. Louis Limestone is the most widely used formation as a source of water and the Ste. Genevieve Limestone is second. Well yields as much as 500 gal/min can be obtained in some karst areas where subsurface secondary openings are welldeveloped. The potentiometric map shows that the direction of ground-water movement conforms, in a general way, to the surface drainage patterns.
The quality of water is one of the major factors that determines its usability. Generally, water in the principal aquifer is of good chemical quality, but the water tends to become more mineralized with depth. The lower St. Louis Limestone can yield a highly mineralized corrosive water with a strong hydrogen sulfide odor.
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